Most analyses of fuel cell stacks consider either transport or electrochemical phenomena, but neglect the coupling between the two. An original mathematical model was developed to solve the transport equations coupled with heterogeneous electrochemical reactions for large stacks with internal/external manifolds. The code was used to determine the effect of utilization on electrochemical performance and temperature distribution. The results are presented in terms of fluid flow, pressure, temperature, voltage, and current density distributions. The discussion highlights the importance of manifold design on performance and thermal management.
Introduction
The uniform distribution of reactant species and the removal of excess heat and reactionproducts are a matter of primary concern for electrochemical performance and durability in fuel cell stacks. Flow and pressure maldistributions can occur, due to poor design, leading to variations in local current density, and reductions in stack voltage (1, 2) . Thermal stresses due to temperature gradients contribute to cell degradation (3) (4) (5) . The temperature distribution also has a strong effect on the electrochemical performance and electronic and ionic conduction (4) illustrating how the flow, temperature distribution, and electrochemical performance are inherently coupled.
Most analyses of fuel cells at the stack scale to-date consider either the fluid transport or electrochemical phenomena, but neglect the coupling between the two. Cold flow models, i.e. purely hydrodynamic models which do not consider heat transfer and electrochemistry, are used to study the flow distribution in fuel cell stacks (2, (6) (7) (8) (9) (10) (11) . The cold flow stack models lead to recommendations to improve the pressure and flow distribution among cells in the stack, but do not consider effects on fuel utilization or the reactant distribution within each cell. Models which incorporate both fluid flow, electrochemistry and heat transfer are generally limited to a single cell (12) (13) (14) (15) .
A solid oxide fuel cell (SOFC) stack model was developed to solve the momentum, species and heat transport equations fully coupled with electrochemistry. The goal of this study is to determine the effect of manifold design on performance and uniformity of flow and temperature under working conditions. The results are presented in terms of fluid flow, pressure, temperature, voltage, and current density distributions. The discussion identifies key design features, and highlights the importance of good manifold design upon performance and thermal management.
Description of SOFC Stack Model
In this solid oxide fuel cell stack model, the equations of mass, momentum, heat, and species transport are converted to linear algebraic equations and solved using the finitevolume computational fluid dynamics (CFD) code, OpenFOAM (16) . The full conservation equations are applied in the external manifolds regions. In the core region of the stack, a distributed resistance analogy (17) is applied to reduce mesh size and computation time so that large stacks may be investigated. A description of the governing equations and solution procedure can be found in Nishida et al (18) .
Distributed Resistance Analogy
The model is a refinement of the distributed resistance analogy as applied to SOFCs (4), with substantial improvements to the original methodology. In the method, interphase transfer (rate) terms supplant diffusion terms to describe transfer between both solid and fluid phases. The inter-phase transfer coefficients are calculated based on solutions for friction factor, and Nusselt/Sherwood number for fully developed laminar flow in rectangular channels for momentum, heat and mass transfer, respectively. A mass transfer conductance term is applied to calculate the wall values required for the Nernst equation. In this way, the model is simplified by making engineering assumptions. The diffusion and inter-phase transfer terms can be considered mutually exclusive in any given coordinate direction. A detailed description of the governing equations for the distributed resistance analogy can be found in the work by Beale and Zhubrin (4).
Conservation Equations
The governing equations for the distinct solution domains of air, fuel, positive electrode -electrolyte -negative electrode (PEN), and interconnect are summarized in Appendix A of Nishida et al (16) . Some transport properties are shown in Tables 1 and 2 , along with geometric and other parameters.
The mass and momentum equations are solved on the air and fuel domains. Within the internal channels, a distributed resistance is applied as a source term based on analytical solutions for one dimensional pressure drop due to wall shear stress for rectangular crosssection and fully-developed laminar flow. A Fanning friction factor is approximated based on the aspect ratio from Shah and London (19) . Density is calculated using the ideal gas law for the distribution of species fractions. Kinematic viscosity is considered constant and known.
The heat transfer equations are solved on each distinct solution domain of air, fuel, PEN, and interconnect. The inter-phase transfer terms are calculated between each two region combination, other than air and fuel which do not come into direct contact. A convective heat transfer coefficient is calculated using Nusselt correlations for fullydeveloped laminar flow in a rectangular channel (19) . The conduction shape factors used in the calculation of the inter-phase transfer terms are gathered from correlations for the diffusion between channel flow and solid for a range of dimensions (20) . Thermal conductivity is considered constant and uniform for each region. Specific heat capacity is calculated as a 7 th order polynomial function of temperature throughout the fluid (21) based on species mass fractions. The species mass fractions at the electrolyte/electrode interfaces used in the Nernst equation are computed from the bulk values and the mass transfer driving force (18, 20) , algebraically. The convective mass transfer coefficient is calculated using a Sherwood number correlation for fully developed laminar flow in a rectangular channel (22) , by analogy to heat transfer. A conduction shape factor used in the calculation of the interphase transfer terms, as given in (20) . The Fuller-Schettler-Gidding correlation is used to compute the diffusion coefficients of gaseous mixtures (23) for air and fuel. The effective diffusivity of the porous media used in the calculation of the mass transfer driving force are assumed constant and calculated using Bosanquet's relationship at 1000K as outlined in Jeon et al (24) .
Electrochemistry
Oxygen reduction and hydrogen oxidation are the electrochemical half-reactions at the cathode and the anode, which are treated as a Nernst equation based on the intrinsic values for concentration of the reactant species at the electrolyte surfaces. Rather than applying Butler-Volmer equations, activation overpotentials are considered negligibly small, and included as a specific resistance term. The current is set as a boundary condition (galvanostatic problem), and the voltage at each cell in the stack is solved by using a temperature-dependent area specific resistance. Sources for the mass and species conservation equations are obtained by means of Faraday's law. A heat source term is calculated based on the heat due to reaction enthalpy less the electrical (load) energy at each cell.
Geometry
The geometry under consideration is an anode-supported SOFC made up of metallic interconnects, air and fuel channels and a PEN. The PEN is composed of a cathode current collector layer (CCL), cathode functional layer (CFL), electrolyte, anode functional layer (AFL), and anode CCL. The air, fuel, PEN, and interconnect regions are considered to be one computational cell thick for each cell in the stack. Volume fractions are employed to account for the volume difference between the computational cell and the volume of each region.
A 10-cell stack geometry with external manifolds is used. Comparisons are also made for 40-and 100-cell stacks. Each cell within the stack is considered to be a single channel. The active area for each cell is 4×10 −4 m 2 based on a 4mm × 100mm geometry. The total height of each cell is 11.3mm for a total of 113mm for the 10-cell stack. Inlet and outlet manifold channels which are 100mm long distribute the gases to the base of the stack. The manifolds each have a cross-sectional area of 4mm × 20mm. Comparisons are made in co-flow and counter-flow configurations.
Numerical Method
Four distinct subdomains are created for air, fuel, PEN, and interconnect. This allows the air and fuel to occupy the same space (something which is, of course, not physically possible in a real geometry). This strategy gives flexibility for the specification of internal and external manifold geometries while still allowing a solution within each of the overlapping PEN, fuel, and air regions. Performance calculations for the 10-cell, 40 cell, and 100 cell stacks took an average of 15, 30, and 60 minutes, respectively, on one core of an eight core, Intel Xeon processor with 2.66 GHz processor speed, and 16GB of RAM using Mac OSX.
Operating Conditions
Uniform inlet and outlet flows are presumed. The velocity, temperature, and mass fraction of species are prescribed at the inlet. Inlet velocities are calculated, based on target utilizations of O 2 (air) and H 2 (fuel). Operating conditions are shown in Table 3 . The fuel consists of H 2 and H 2 O, and the air of O 2 and N 2 only. A mean current density of 6000A/m 2 is prescribed. The flow rates are based on inlet velocities of 3m/s and 0.7m/s for air and fuel, respectively. Zero gradient boundary conditions are applied at the outlet. Pressure is also prescribed here. All other external boundaries are considered as adiabatic with a zero gradient boundary condition set in the enthalpy equation. 
Results and Discussion
Results are presented in terms of velocity, pressure, species mass fraction, temperature, current and voltage distributions for co-flow of the working fluids. Figures  1a and 1b show air and fuel velocity magnitudes in the external manifolds, respectively. It can be seen that at the inlet manifold on the left, the gas velocities of both air and fuel decrease towards the top of the stack. Across the core region, the superficial velocity of the flow through the fuel stack is shown. To calculate the channel velocities, the superficial velocity must be divided by the volume fraction of the gas. At the outlet, the external manifold velocity increases towards the outlet at the bottom right. Higher flow rates of air and fuel are exhibited through the bottom cell vs the topmost cell. Figure 1 . Ten-cell stack, elevation view for air (left) and fuel (right) Figures 1c and 1d show the pressure distributions of air and fuel respectively. A higher pressure drop is seen across the core than along the stack direction. The pressure drop within the stack is mainly due to the viscous resistance in the smaller channels of the core region. This represents the pressure distribution of a good manifold geometry. When pressure drop along the stacking direction begins to match the pressure drop across the core, a poor distribution of reactant species will be seen in the stack direction. Figures 1e and 1f show the mass fractions of O 2 within the air and H 2 within the fuel, respectively. The mass fractions of the reactant species decrease from the inlet on the left to the outlet on the right as the reactants are consumed across the core of the stack. The species mass fraction of hydrogen decreases more quickly than the fuel since during the fuel side reaction, water is produced which further reduces the mass fraction of hydrogen relative to the total composition. Figures 2a and 2b show the temperature distributions of air and fuel. As the gases flow through the core region of the stack, they are heated by the electrochemical reactions. It can be seen that for the fuel region, some heat is conducted back into the inlet manifold against the flow. Figures 2c and 2d show the local temperature distributions within the PEN and interconnect regions. Both distributions clearly show a lower temperature at the bottom left increasing towards the top right. This is partly due to the larger mass flow of air and fuel through the bottom cells relative to the top cells. Figure 2e shows the local current density distribution. The local current density is higher at the inlet where a higher concentration of reactant species is located and a maximum at the top left corner of the stack. As the reactants are consumed from left to right, the local current density is reduced. The overall voltage at each cell of the 10 cell stack is shown in Figure 2f where the voltage is lowest at the bottom cell (cell 1) and is clearly increasing towards the top cell (cell 10).
Effect of Utilization on Temperature and Cell Voltage
The utilization of H 2 is varied from the base case by changing the flow rate of fuel at the inlet while keeping the mean current density constant for both the co-and counterflow configurations. Figures 3c and 3d show voltage increasing with O 2 utilization, then decreasing. The first part of the curve is the region where the lower flow rate of air causes the overall stack temperature to increase, increasing the voltage. This is where the electrochemical reaction is limited by the presence of hydrogen in the reaction. The second part of the curve is where the reaction becomes limited by the presence of oxygen at the reactant sites. This causes the voltage to decrease as there is less oxygen available for the reaction. This illustrates the inherently coupled nature of flow, heat, mass transfer, and electrochemistry for the problem at hand. Also, as oxygen utilization increases, the difference between cell 1 and cell 10 also increases, but not in a direct relation. The difference in voltage between cell 1 and cell 10 as a percentage of average cell voltage increases from 0.11% to 0.44% in co-flow and from 0.11% to 0.36% in counter-flow corresponding to Figure 3 . Figures 4a and 4b show the average cell temperature of cell 1 and cell 10 as a function of H 2 utilization for co-and counter-flow configurations. As the fuel flow rate decreases, the average cell temperature increases. However, it is not a direct correlation. The difference in temperature between cell 1 and cell 10 also increases. The difference in average temperature between cell 1 and cell 10 as a fraction of average stack temperature increases from 0.09% to 0.21% in co-flow and 0.12% to 0.24% in counter-flow corresponding to Figure 4 . , 57 (1) 2495-2504 (2013) 
